We have investigated the effects of light and dark adaptation on the overall morphology of bipolar cell (BC) terminals in sublaminae a and b of the inner plexiform layer after labelling with Lucifer Yellow (LY) and PKC immunostaining using confocal laser scanning microscopy and serially sectioned material for electron microscopy. Three-dimensional reconstructed terminals showed marked adaptation-dependent changes of their morphology. Terminals of mixed rod-cone BCs in sublamina a (Ma BC) were irregular and scalloped in light adapted, but smooth and regular in dark-adapted specimens. Terminals from mixed rod-cone BCs in sublamina b (Mb BCs) exhibited an opposite behaviour. At the ultrastructural level, bipolar terminals in both sublaminae showed fingerlike extensions (spinules) invaginating presynaptic amacrine cell (AC) processes. Sixty-two percent of the dark-adapted Mb terminals in sublamina b showed spinules, whereas 21% of the light-adapted terminals had spinules. By contrast, 50.6% of the light-adapted Ma terminals in sublamina a formed spinules, compared to 17.8% of the dark-adapted Ma terminals in this sublamina. These observations reflect the functional subdivision of the inner plexiform layer in an inner ON-and an outer OFF-centre lamina. Our findings suggest that the synaptic plasticity of BC axon terminals may be due to differences of BC membrane potential, or the activity of AC input onto bipolar terminals. They may contribute to processes of fine tuning regulating the efficiency of AC-BC interaction under varying adaptation conditions.
INTRODUCTION
In the retinae of lower vertebrates, light and dark adaptation are accompanied by changes at the biochemical, physiological and structural level. Among the morphological alterations, retinomotor movements of the outer and inner segments of cones and rods and migrations of melanosom es in retinal pigment epithelium cells have been known for a long time in animals lacking fast pupillary reactions (Ali, 1975; Burnside & Dearry, 1986; Besharse et al., 19'88; Wagner, 1990) . In teleosts, there are additional adaptation-dependent changes in the morphology of synaptic contacts in the outer and inner plexiform layers (IPLs). Most prominent are the lightand dark-dependent dynamics of finger-like extensions (spinules) of cone horize,ntal cell dendrites invaginating the cone pedicles (Wagner, 1980) . Horizontal cell spinules are far more numerous in light-adapted than in dark-adapted retinae. 'Iheir expression is controlled *Anatomisches Institut der Universit~it Tiibingen, OsterbergstraBe 3, D-72074 T/ibingen, Germany. tTo whom all correspondence should be addressed.
mainly by external stimuli such as light and darkness, but is influenced also by endogenous circadian rhythms (Wagner et al., 1992) . Recent pharmacological studies have demonstrated that the formation of spinules involves dopamine and dopamine Dl-receptors, whereas the degradation of spinules is mediated by glutamate via an AMPA type glutamate receptor (Kirsch et al., 1991; Weiler & Schultz, 1993) . Functionally, horizontal cell spinules have been implicated in feedback interactions between cone horizontal cells and cone terminals, thus shaping the response profile of chromatic horizontal cells (Raynauld et al., 1979; Weiler & Wagner, 1984; Kirsch et al., 1990; Wagner & Djamgoz, 1993) .
Recently, adaptation-dependent changes of bipolar cell (BC) axon terminal morphology in the IPL of the goldfish retina have been observed (Yazulla & Studholme, 1992) . The large terminals of mixed rod-cone BCs localized in the ON sublamina (Mb-BCs) have smooth contours in light-adapted specimens whereas in dark-adapted retinae, they show conspicuous surface irregularities giving them an "amoeboid" appearance. Additionally, Yazulla and Studholme (1992) demonstrated small finger-like protru-3902 U.D. BEHRENS and H.-J. WAGNER sions of Mb terminals to invaginate AC processes, which were called spinules in analogy to structures of similar morphology in horizontal cells (Wagner & Djamgoz, 1993) . Thus, adaptation influences the morphology of contacts between retinal neurones at a more general scale than previously thought, since the occurrence of spinules is not restricted to the OPL of teleost retinae.
In the present report we have extended the study of adaptation-dependent plasticity in the inner retina to include terminals of mixed BCs in sublamina a. Using confocal light microscopy and electron microscopy we first studied the appearance and surface contours of Mband Ma-BC terminals. Secondly, a systematic analysis of serially sectioned BC terminals was carried out to determine whether Mb terminals are the only type of BC to show spinule dynamics in light or dark-adapted retinae.
A preliminary report of these results has appeared in abstract form (Behrens et al., 1995) .
METHODS
Adult goldfish (Carassius auratus gibelius) of 10-15 cm total length were obtained from a local supplier and maintained in aquaria at 20°C on a 12/12 hr light/ dark cycle. Dark-adapted fish were killed in the middle of the night phase under infrared illumination and an infrared image converter. Light-adapted animals were prepared in normal room light in the middle of the light phase. Eyes were enucleated and hemisected from cervically transected and pithed goldfish.
Visualization of Ma-BC: (light microscopy)
Light-and dark-adapted retinae were isolated and incubated for 10-15 min with 0.1-0.2% Lucifer Yellow (LY) (Sigma) in Medium 199 (Sigma) supplemented with Hanks-salts (pH adjusted with 1 M NaOH at 7.4) in ambient light or in darkness. This treatment yielded an unspecific, Golgi-like staining of all types of retinal neurones, filling the entire cytoplasm of individual cells. After incubation, isolated retinae were briefly washed for 2 min with fresh culture medium and fixed for 10 min with 2% paraformaldehyde in 0.06 M sodium phosphate buffer (PB) (pH 7.4) containing 3% sucrose. Following short rinses in PB, LY-labelled Ma-BCs were studied with a confocal laser scanning microscope (CLSM) (Zeiss LSM 410).
Visualization of Mb-BC: (light microscopy)
Light-and dark-adapted isolated retinae were processed for preembedding immunohistochemistry as described by Eldred et al. (1983) . Retinae were fixed with 4% paraformaldehyde in 0.06M sodium PB (pH7.4) and 3% sucrose for 1 hr at 4°C and then transferred to 4% paraformaldehyde in a 0.06 M sodium bicarbonate buffer for 2 hr at 4°C. After fixation, the tissue was washed for 1 hr with 0.06 M PB (pH 7.4) containing 3% sucrose (rinse buffer) and cryoprotected overnight in 25% sucrose in PB. Retinae were then frozen in liquid nitrogen to enhance the penetration of the antibodies. After thawing and washing in buffer, retinal tissue was manually sliced into 200-500/~m strips, which were incubated for 30 min in 4% normal goat serum (NGS) and 0.5% bovine serum albumin (BSA) in 0.06 M PB (pH 7.4), containing 3% sucrose and 0.1% Triton-X-100 to block non-specific binding of antibodies. Retinal strips were incubated for 24 48 hr at 4°C with mouse monoclonal anti-PKC antibodies (RPN 536, Amersham) (1:50) diluted in 2% NGS, 0.5% BSA, 0.1% Triton-X-100 in rinse buffer. Subsequently, the tissue was washed in rinse buffer (3 × 20 min), incubated for 2 hr with biotinylated goat anti-mouse antibodies (B-7264, Sigma) (1:75) in 2% NGS, 0.5% BSA, 0.1% Triton-X-100 in rinse buffer, and washed again in buffer solution (3 × 20 min). Finally, retinal tissue was incubated for 1 hr with TRITC-labelled avidin (A7169, Sigma) (1:100) diluted in 2% NGS, 0.1% Triton-X-100 in rinse buffer, and then washed again in buffer. Retinal strips were coverslipped with glycerol and observed with the CLSM. Control tissue was processed omitting the first antibody. This procedure always resulted in a complete lack of immunostaining. A different set of controls for Mb BCs consisted of the observation of LY stained cells in the previous preparations. No systematic difference was found in the morphology of BC terminals between the two staining techniques. Since the number of stained cells in LY incubated retinae was markedly lower than in the immunostained tissue, Mb terminals were routinely studied in PKC reacted material.
Confocal laser scanning microscopy
The general shape of BC terminals was studied with the CLSM. Retinal slices were mounted between a glass coverslip and a glass slide in 0.1 M PB and studied with a CLSM (Zeiss LSM 410). Labelled cells and terminals were observed with a neofluar oil immersion objective (100×, NA = 1.30). LY was excited with the 488 nm argon laser in combination with the fluorescein filter set FT 510, LP 520) . TRITC labelled PKCimmunoreactive Mb BC terminals were illuminated with the helium-neon laser (excitation: 543 nm) in combination with the rhodamine filter block (NT 80/20/543; LP 570) . Typically, a series of 20-50 images of optical sections (a Z-series) using two scans per section was acquired at 0.2 #m intervals through the depth of labelled cells and terminals. Each series was reconstructed as a three-dimensional shaded surface object using LSM resident software. Processed images were recorded on optical disc and on photographic slides with an imagecoder system (Focus Graphics, Foster City, U.S.A.).
Visualization of Mb BC (EM)
Strips of retinal tissue were processed for PKCimmunoreactivity in the same way as described for light microscopy using the avidin-biotin-peroxidase method (Hsu et al., 1981) . Antibodies were diluted in the same media used for light microscopy, except for Triton-X-100 that was omitted from all solutions. After blocking in 4% NGS, retinal strips were incubated with the PKCantibody for 48-72 hr at 4°C. Thereafter, the sections were washed in rinse buffer (3 x 20 min) and incubated for 6 hr with the biotinylated secondary antiserum (1:100), rinsed again in buffer and transferred to a solution containing the extravidin-horseradish peroxidase complex (Sigma) (1:150) for 12 hr. After rinses in PB and in 0.2 M Tris--HCl (pH 7.4), the strips were reacted in 3,3'-diaminobenzidine (0.05% DAB in Tris-HC1, pH 7.4) with 0.01'% H202 for 10-15 min. Subsequently, they were rinsed in PB and then postfixed with 1% osmium tetroxide in rinse buffer for 1 hr, stained with 2% uranyl acetate in distilled water (overnight), dehydrated in a graded series of ethanol (50-100%) and embedded in Epon-812 (Serva) (Hayat, 1989) . Ultrathin sections were stained with lead citrate and examined with a Philips 300 electron microscope.
Conventional EM
Eyecups of light-and dark-adapted animals were immersed in a fixative containing 2.5% glutaraldehyde, 1% paraformaldehyde in 0.06 M PB (pH 7.4) and 3% sucrose. After 4 hr fixation at 4°C, the eyecups were extensively washed in cold PB and the retina dissected from the sclera and the choroid. The retinae were postfixed for 2 hr in a mixture of 1% osmium tetroxide and 0.5% potassium ferricyanide in rinse buffer. The tissue was then rinsed, stained en bloc with 2% aqueous uranyl acetate, dehydrated in ethanol and embedded in Epon. Ultrathin sections were collected on slot grids coated with formvar (Serva).
We examined four series of eight to twelve sections from four light-adapted animals and four series of eight to twelve sections from four dark-adapted animals. A given series was photographed at 5000×; montages of prints were prepared for quantitative evaluation covering the entire width of the IPL and a total area of about 2600-3000/am 2.
Spinule counts
All Ma and Mb BC terminals identified in each section of a series were examined for the presence or the absence of spinules. Following the description of Studholme (1991, 1992) , BC spinules were identified as small spine-like protrusions which invaginate presynaptic AC processes. For quantitative evaluation, we analysed five to nine serial sections per terminal. These sections of a Ma-or Mb-terminal are described as a Maor Mb-terminal sample. An evagination of a terminal was identified and scored as a spinule if it invaginated a single presynaptic profile and if it could be followed through more than two consecutive sections of the same terminal. Evaluation of BC terminals and spinule counts were perfomed independently by the two authors who used the same set of criteria for i6entification but did not know the adaptation state of the tissue.
RESULTS

Adaptation-dependent differences in the morphology of BC terminals
A total of eight Ma BC terminals from light-adapted retinae and ten Ma BC terminals from dark-adapted retinae were identified in the LY stained material and chosen for optical sectioning and three-dimensionally reconstructed with the CLSM. The Ma BC is characterized by a large terminal in the distal sublamina of the IPL, which is connected to the cell body by a short axon. The voxel based reconstruction of the light-adapted cell reveals a terminal with an indented and irregular outline. A number of stubby evaginations [arrows in Fig. l(a) ] originate from the terminal. By contrast, the outline of the dark-adapted Ma terminal is characterized by a smooth and rounded surface and an absence or a reduction of the evaginations. However, these changes in the surface morphology of Ma terminals do not affect the organiTation of the overall synaptic terminal with its main body and the conspicuous telodendritie appendages [arrow in Fig. l(b) ]. These are consistently found in both light and dark-adapted tissue. However, our observations typically are restricted to the central element of the terminal. The light/dark differences of the surface morphology of Ma terminals are found regardless of the general shape of the terminals and in all retinal areas.
The appearance of Mb terminals was studied after labelling with PKC antibodies and immunofluorescence. A total of 15 Mb BC terminals from light-adapted retinae and 17 Mb BC terminals from dark-adapted retinae were reconstructed. A reconstruction of a typical light-adapted Mb synaptic terminal is shown in Fig. l(c) . Its surface is smooth in outline and is devoid of conspicuous extensions. On the other hand, dark-adapted Mb terminals appear more complex and more irregular in shape. The example shown in Fig. l(d) gives rise to a substantial number of evaginations which give the surface a stubby and rugged appearance [arrows in Fig. l(d) ].
To confirm the morphological changes of Ma and Mb terminals observed by confocal microscopy we studied their outline at the ultrastructural level. A representative example of a light-adapted Ma terminal [ Fig. 2(a) ] clearly demonstrates the convoluted, indented and scalloped form. Several cytoplasmic protrusions from the terminal (arrowheads) are juxtaposed between presynaptic AC processes. In other cases, protrusions invaginate AC processes and are therefore identified as spinules (Fig. 4) . Typically, they were 300-500 nm long and about 200 nm wide at the base their cytoplasm contained clear synaptic vesicles and the apical plasmalemma was marked by conspicuous membrane densities. Dark-adapted Ma terminals exhibit the opposite behaviour, as indicated by confocal light microscopy. They appear smooth, rounded and lack cytoplasmic protrusions FIGURE 1. Three-dimensional reconstruction of CLSM optical sections of Ma and Mb BC terminals from goldfish retina. The light-adapted Ma BC terminal (a) appears more irregular in shape compared to the smooth outline of the Ma BC terminal during dark adaptation (b). In contrast, the light-adapted Mb terminal (c) has a smooth shape, whereas the dark-adapted terminal (d) appears more rough and irregular in outline. Scale bar: 5 #m.
[ Fig. 2(b) ]. Adaptation-dependent differences in the overall morphology of Ma terminals were detected in all preparations (light adapted: N= 5, dark adapted N = 5) examined with the electron microscope. The morphological changes in Mb terminals observed by confocal microscopy were also found at the ultrastructural level. Light-adapted Mb terminals [ Fig.  3(a) ], showed smooth outlines with minor cytoplasmic extensions whereas dark-adapted terminals appeared more complex in shape with increased numbers of indentations and cytoplasmic extensions between the AC processes [arrowheads in Fig. 3(b) ].
Adaptation-dependent plasticity of BC spinules
BC spinules are small finger-like evaginations from the synaptic terminals that penetrate into AC profiles, as previously reported for Mb BCs (Yazulla & Studholme, 1991 . The present study demonstrates that BC spinules are not restricted to Mb terminals (Fig. 5 ) but also occur in Ma BC terminals (Fig. 4) . They are present at all sublevels of the Ma terminal, similar to the situation in Mb terminals (Yazulla & Studholme, 1992 and this study). Individual spinules were studied by serial sectioning of conventionally processed material (Ma and Mb terminals) and of PKC stained Mb terminals. From evaluations of serially sectioned material we estimate that Ma spinules were 0.3-0.4/tm long and up to 0.2/~m in diameter (n = 23 spinules from 20 light-adapted Ma terminals; data pooled from five different retinae). Spinules of Mb BC terminals were identified as fingerlike extensions (0.3-0.:5 #m long, up to 0.25/tm in diameter (n = 33 spinule,;, form 28 terminals; data pooled from six different retinae) into individual presynaptic processes. Additionally, we found several cases where spinules formed groups of up to three individual elements originating from a common stem on a Mb terminal in a claw-like configuration [ Fig. 5(c) ]. Similar clusters of spinules were not observed in Ma terminals. The shape of BC-spinules shows considerable variations. We observed spinules with a mushroom-like profile [ Fig. 5(b) ], or simple short and stubby evaginations [ Fig. 4(a) , and takable synaptic membrane densities are not obvious in these sections, they are found consistently in PKClabelled material (data not shown). We also observed Ma spinules with increased electron density at the tip of the spinule [ Fig. 4(e) ]. Qualitative observation of BC terminals suggested that Ma spinules were more frequent in light-adapted retinae, whereas Mb spinules were far more numerous in darkadapted retinae. Furthermore, light-adapted Mb terminals carried more evaginations without synaptic specialization [ Fig. 5(a) ] as confirmed by serial section analysis. We quantified the difference between light and dark-adapted (Yazulla & Studholme, 1992) . Our quantitative data demonstrate that 51% of lightadapted Ma-BC terminals have at least one spinule per sample, compared to only 18% of dark-adapted Ma-BC terminals [ Fig. 6(a) ]. 18.6% of light-adapted Ma terminals contain two spinules per sample, as opposed to 2.8% in dark-adapted Ma terminals [ Fig. 6(a) ]. The average number of spinules per Ma terminal sample was 1.2 in light-adapted retinae vs 0.2 in dark-adapted samples, which represents a 6:1 ratio. The quantitative examination of serially sectioned Mb terminals shows that 65% of the dark-adapted Mb BC terminals contain at least one spinule per sample, compared to only 25% in light-adapted retinae [ Fig. 6(b) ]. This finding is supported by the observation that nearly 30% of the dark-adapted, but only 5% of the light-adapted Mb terminals gave rise to two spinules [ Fig. 6(b) ]. The average number of spinules per Mb terminal sample was 1.5 in dark-adapted, vs 0.3 in light-adapted retinae, representing a 5:1 ratio.
DISCUSSION
The objective of this study was to examine adaptationrelated changes in the morphology of BC terminals throughout the IPL based on the initial observation on Mb cells (Yazulla & Studholme, 1992) . Our findings indicate that the terminals of mixed BCs in both sublaminae are plastic structures, and that the respective changes have opposite effects in accordance with the antagonistic character of sublamina a and b. The morphological changes were observed at two levels: firstly, the overall shape changed between an irregular, scalloped and indented shape and a smooth, more regular morphology. Secondly, finger-like spinules extended into presynaptic AC processes, and retracted depending on the state of adaptation.
Methodological considerations
Two different techniques were used to label BCs. For Mb BCs, we applied the established marker for this cell type, i.e. PKC immunoreactivity (Negishi et al., 1988; Suzuki & Kaneko, 1990) , which, however, is ineffective for Ma BCs. Therefore, we had to stain Ma cells unspecifically by incub~tion in LY. This resulted in a Golgi-like label of all kinds of retinal neurones with, unfortunately, BCs being among the least frequently stained cells. Although the mechanism of LY labelling is unclear, uptake by endocytosis may be excluded since the staining pattern was not granular or vesicular. Instead, the fluorescence was distributed diffusely throughout the entire cytoplasm, thus clearly delineating the contours. In this respect, there was no difference from the appearance of the fluorescent or electron dense reaction product resulting from PKC imrnunocytochemistry. Our conclusion that both methods are equally suited for our purpose is supported by the observation that the appearance of Mb terminals visualized by both types of labelling was essentially identical. Confocal microscopy in conjunction with fluorochromes is capable of ge, nerating high resolution optical sections at 0.2-0.3 #m intervals that can be processed for three-dimensional reconstruction (Kriete, 1992; Wright et al., 1993) . When oper~tting the CLSM at the limit of its optical resolution it is possible to visualize structures as small as 0.2 ~tm in diameter and/or length, dimensions which are in the size range of BC spinules. However, since no specific markers for these spinules are available we chose electron microscopy for unequivocal identification and quantification. On the other hand, CLSM techniques yield impressive representations of the overall morphology of the BC terminals.
During the examination of ultrastructural sections it soon became evident that small structures such as spinules and their alterations could only rarely be reliably identified in single sections Studholme & Yazulla, 1992 ). Therefore we used at least three consecutive sections of a small series of five to nine sections per BC terminal for analysis of the following criteria: small cytoplasmic protrusion of a BC terminal into an individual AC process, presence of vesicle clustering and membrane thickening facing the apical membrane (Yazulla & Studholme, 1991 .
Functional interpretation of the morphological plasticity in BC terminals
BCs are a heterogeneous group of retinal second order neurones which transmit visual information from photoreceptors to ganglion cells. In teleosts, they can be divided into two major populations: mixed rod--cone BCs and pure cone BCs depending on their inputs from cones and/or rods (Stell, 1972; Scholes & Morris, 1973; Scholes, 1975; Sherry & Yazulla, 1993) . Functionally, BCs can be further subdivided into ON-centre (depolarizing) and OFF-centre (hyperpolarizing) cells according to their light response and the level of their terminal ramification in the IPL (ON-BCs: proximal 40% and OFF-BCs: distal 60% of the IPL) (Famiglietti & Kolb, 1976; Famiglietti et al., 1977) . Our present data are in agreement with these reports, and, in addition, reflect the functional subdivision in terms of a further structural correlate. Both the ON-and OFF-channel are required for transmitting visual information, and selective destruction of the ON-response leads to visual dysfunction (Masu et al., 1995) . Therefore, the discussion of the functional implications of synaptic plasticity must consider the control of the balance between the ON and OFF channeL. Two components can be discriminated in the adaptation-dependent plasticity of BC terminal morphology:
1. Changes of the overall appearance of the terminals:
light-adapted Ma terminals are far more irregular in outline than dark-adapted terminals, whereas the opposite is true for Mb terminals; and 2. Frequency of BC spinules: in Ma terminals, spinules are numerous during light adaptation, whereas Mb terminals have more spinules during darkness.
On a general level, we interpret this morphological plasticity as a further example of activity-related changes of synaptic structures. These have been implicated in different models of synaptic plasticity (Lasek, 1988; Wallace et al., 1991; Jessel & Kandel, 1993; Harris & Kater, 1994) . Evidence is accumulating to suggest that increasing neuronal activity leads to different forms of short-term or long-term morphological changes. These would include perforation of active synaptic zones, size and number of synaptic contact sites and changes in the overall morphology of dendritic spines (Wallace et al., 1991; Koch & Zador, 1993; Lisman & Harris, 1993; Harris & Kater, 1994) . Spinules would represent transitory structures reflecting neuronal activity which would lead to remodelling and restructuring of active zones in synapses (Edwards, 1995) .
Comparative aspects of spinule morphological and functional diversity
Spinules are not restricted to the fish retina. Finger-like protrusions of similar size have been observed in the mammalian hippocampus (Westrum & Blackstad, 1962; Hamlyn, 1963; Tarrant & Routtenberg, 1977; Chicurel & Harris, 1992; Edwards, 1995) and additionally also in invertebrates (Bailey et al., 1979) . Serial section reconstruction of spinules from the mammalian hippocampus shows that they are associated with perforations of the postsynaptic zones of pyramidal cell dendritic spines reaching into presynaptic terminals. Functionally they are thought to be involved in remodelling and compartmentalization of synaptic zones (Edwards, 1995) . A schematic comparison of cortical and retinal spinules is given in Fig. 7 .
In the teleost retina, spinules have been observed on cone HC dendritic processes at lateral position with respect to synaptic ribbons [Wagner (1980) Fig. 7(b and  d) ] and at mixed BC terminals [ Fig. 7(c and e) ]. HC and BC spinules share roughly the same dimensions and have further in common that they are not directly associated with the ribbon synapse. However, they differ in a number of other important aspects.
1. HC spinules never contain clear "synaptic" vesicles, whereas BC spinules do. 3. BC spinules have a greater morphological variability than HC spinules ranging from short or long finger-like protrusions, through bulbous-shaped spinules having a small "neck" and a "head", through multiple spinules, which originate from a short "stem" [Fig. 7(e) ].
However, short and long spinules are the most common spinule form of BC terminals whereas multiple or divided spinules are rare. Further experiments will show whether the morphological diversity of BC spinules represents stages of a dynamic continuum and whether they can be correlated wzith distinct physiological states.
Functionally, both types of retinal spinules have in common that they are found at synaptic contacts (or in synaptic circuits) the elements of which communicate via graded potentials (DeVries & Baylor, 1993) . In contrast, hippocampal spinules are part of spine synapses made by neurones generating action potentials and involved in fast excitatory transmission (Edwards, 1995) . These morphological and physiological considerations suggest that BC and HC spinules in teleost retinae and spinules in the mammalian hippocampu,; are not homologous but rather heterogeneous and probably not equivalent functionally. Yazulla and Studholme (1992) proposed a model in which BC spinules are sites of enhanced synaptic interaction between GABAergic ACs and BC terminals under generally reduced AC input onto BC terminals. This concept is partially supported by the finding that most Mb spinules are immunoreactive to gephyrin (Yazulla & Studholme, 1991) , a protein which has been used as a marker for glycine receptors (Triller et al., 1985; Kirsch & Betz, 1993) .
Possible roles of spinules in BC terminals
However, recent reports suggest that the relationship between gephyrin and glycine receptors may not be as strict as previously thought (Sassoe-Pognetto et al., 1994) , because gephyrin might also be involved with the clustering of GABAA-receptors in rat retina (SassoePognetto et al., 1995) . Furthermore, Yazulla and Studholme (1992) correlate the appearance and disappearance of Mb spinules with the hyperpolarization of these cells, and propose that Mb spinules are sites of enhanced transmission of a fraction of GABAergic ACs. The correlation between spinules and the hyperpolarized membrane potential of the BC terminal also holds for Ma terminals, since these are depolarized during the dark phase and hyperpolarized during the light phase.
At present, however, a correlation of synaptic changes and inhibitory, hyperpolarizing activity is not supported by experimental evidence. Most work on synaptic plasticity used excitatory synaptic events like LTP as a model, and plasticity of inhibitory events such as longterm depression and its structural correlate has largely been neglected (Linden & Connor, 1995) . Therefore, the relation of both types of retinal spinules (HC and BC) and hyperpolarization may be coincidental and the proposed functional paradigm requires direct experimental verification.
In this study we confirmed the observations of Studholme (1991, 1992) about the plasticity of Mb spinules and presented additional morphological evidence for the existence and plasticity of Ma spinules. It should be noted that BC spinules and their presynaptic AC processes represent only a small fraction (8%) of the total AC input to Mb terminals (Yazulla & Studholme, 1992) . Our quantitative data suggest that Mb spinules are more frequent than Ma spinules (65% of dark-adapted Mb terminals possessed spinules compared to 51% of light-adapted Ma terminals). However, we cannot rule out that these differences are due to the heterogeneity and subdivision of different Ma and Mb BC types (Sherry & Yazulla, 1993) , which were not distinguished in the present approach.
Changes in the gross morphology of BC terminals
Our qualitative analysis of BC terminals revealed structural alterations at the level of the entire terminal of Mb and Ma BCs in agreement with observations by Yazulla and Studholme (1992) for Mb terminals. Both populations of terminals showed an antagonistic behaviour of their surface texture depending of the adaptational condition (Mb terminals were more irregular in outline and had more cytoplasmic extensions between presynaptic AC processes after dark adaptation than after light adaptation, whereas Ma terminals showed the opposite behaviour). Although, at present, we cannot exclude the possibility of a differential behaviour of the various Ma or Mb BC subtypes (Sherry & Yazulla, 1993) , our morphological data provide good evidence for a general tendency for BC plasticity.
The intracellular mechanisms associated with the changes of BC morphology are not known to date. One possible explanation for these modifications would suggest that the difference in AC input activity onto BC terminals during light and darkness may affect the curvature of synaptic contacts in a similar way as proposed for the "function--dysfunction hypothesis" (Dyson & Jones, 1984) . According to this concept, a positive or convex curvature is expressed by more active synapses whereas negative or concave curvatures are associated with reduced synaptic activity (Calverly & Jones, 1990) . In some synapses, the curvature of active zones has indeed been used as a structural parameter of synaptic activity, and has been affected by experimental paradigms to manipulate the synaptic plasticity (Desmond & Levy, 1988; Wallace et al., 1991) .
Anatomical and physiological studies have demonstrated light and dark differences in the degree of AC input to BC terminals (Marc, 1992) . Unfortunately, the impact of changes of AC activity on the morphology of BC terminals has not been tested experimentally until now. Therefore, alternative mechanisms like volume changes of synaptic boutons (Wallace et al., 1991) must also be taken into account. Furthermore, light/dark differences in membrane and vesicle retrieval need to be taken into account. These are both very rapid processes (von Gersdorff & Matthews, 1994; Stidhof, 1995) which are regulated by electrical activity, and involve the GTP-binding protein dynamin, which is phosphorylated by PKC and dephosphorylated by electrical activity (Catsicas et al., 1994) . It is therefore conceivable that adaptation-related differences in the electric activity or the membrane potential of Ma or Mb terminals may influence membrane retrieval and thus contribute to the adaptation-dependent light/dark changes of BC terminal morphology observed in the present report.
